Introduction After minor head injury (MHI), postconcussive symptoms commonly occur. The purpose of this study was to correlate the severity of post-concussive symptoms in MHI patients with MRI measures of microstructural brain injury, namely mean diffusivity (MD) and fractional anisotropy (FA), as well as the presence of microhaemorrhages. Methods Twenty MHI patients and 12 healthy controls were scanned at 3 T using diffusion tensor imaging (DTI) and high-resolution gradient recalled echo (HRGRE) T2*-weighted sequences. One patient was excluded from the analysis because of bilateral subdural haematomas. DTI data were preprocessed using Tract Based Spatial Statistics.
Introduction
Head injury is one of the most common injuries in the Western world, with minor head injury accounting for 70-90% of the head injury cases [1] . Despite being classified as minor, as clinically determined by a normal or near-normal level of consciousness (Glasgow Coma Scale (GCS) score of [13] [14] [15] and a brief period of loss of consciousness or posttraumatic amnesia, a large proportion of patients suffer from a wide variety of symptoms for months after the injury [2] [3] [4] [5] . This so-called post-concussion syndrome includes symptoms such as headache, fatigue and cognitive complaints such as memory and attention deficits. Despite the subjective severity of these symptoms, conventional imaging with computed tomography (CT) or magnetic resonance (MR) imaging is generally normal. Upon neuropsychological examination, cognitive deficits, if any, are subtle and most often in the executive domain [6] [7] [8] . Symptoms persisting for more than 3 to 6 months are difficult to treat and can lead to vocational disability [9, 10] , representing a substantial burden to society and healthcare services. The apparent discrepancy between the subjective severity of complaints and the relative lack of objective neuropsychological and imaging findings has led to controversy about this syndrome, and the exact aetiology as well as the neuropathological substrate remain unclear. Age, gender, previous disease, substance abuse, litigation and emotional factors have all been suggested to be associated with the occurrence and persistence of symptoms, but correlations are inconsistent [2, 11] .
A widely accepted hypothesis for an organic origin of the post-concussion syndrome postulates that the symptoms are due to microstructural white matter damage as a result of straining, stretching, deforming or even shearing forces, which is not detectable with conventional neuroimaging [12] [13] [14] [15] [16] . This hypothesis is indirectly supported by findings from single photon emission computed tomography and perfusion CT, showing hypoperfusion in the frontal and parietal lobes of minor head injury patients in general [9, 17] , and magnetisation transfer imaging, showing a global reduction of the magnetic transfer ratio in minor head injury patients with post-concussive symptoms [9, 18] . Recent work in minor head injury patients shows disruption of saccadic eye movements, indicative of damage to midbrain pathways [19] , and differences in event-related brain potentials, indicating disrupted speed of processing and connectivity, implicating white matter dysfunction [20] . Further support is provided by a positive correlation between post-concussive symptoms and serum concentrations of protein S100-b, which is found in high concentrations in glial cells and Schwann cells and is highly specific for lesions of the central nervous system [21, 22] .
The traumatic axonal injury, which includes both diffuse axonal injury as well as less severe degrees of axonal damage, presumed to underlie the microstructural injury, typically occurs during rapid acceleration and/or deceleration trauma mechanisms at interfaces of tissues with differences in density and rigidity, such as at the corticomedullary junction (subcortical white matter), as well as in the corpus callosum and the rostral brainstem adjacent to the cerebellar peduncles (pontine-mesencephalic junction) [12, [23] [24] [25] [26] [27] .
Two advanced MR neuroimaging techniques, diffusion tensor imaging (DTI) and 3D high-resolution (submillimetre) gradient recalled echo (HRGRE) T2*-weighted imaging [28, 29] , are used to detect axonal injury in vivo with higher sensitivity [30] [31] [32] [33] [34] and to provide direct evidence of microstructural brain damage after minor head injury. Diffusion-weighted imaging (DWI) provides image contrast sensitive to differences in the diffusion of water molecules [35] [36] [37] . Thus, DWI offers an in vivo assessment of cell integrity and pathology of the white matter by deriving the mean diffusivity as a measure of the magnitude of diffusion. With DTI, in which diffusion-weighted gradients are applied in multiple directions, the anisotropy of diffusion can be assessed in addition to mean diffusivity. A higher anisotropy of diffusion reflects a motion of water molecules favoured in a specific direction, such as parallel to highly structured white matter fibres. A reduction of anisotropy is generally thought to reflect a reduction of the integrity of white matter fibres, such as in traumatic axonal injury, including diffuse axonal injury [25, 30-32, 35, 38] . Axonal injury lesions resulting from true shearing injury may be haemorrhagic [25] . Improved detection of these microhaemorrhagic shearing lesions is attained with higher field strength [27] , as well as HRGRE T2*-weighted sequences as compared with conventional gradient-echo sequences [39] [40] [41] .
The purpose of this study was to identify the neuropathological correlate of post-concussive symptoms using advanced MRI techniques. Specifically, we correlated the severity of post-concussive symptoms with focal changes in diffusivity as well as the presence of microhaemorrhages in minor head injury patients in whom CT and conventional MR imaging did not show traumatic abnormalities.
Methods

Study population
Patients were prospectively and consecutively included 1 month after presentation to our emergency department with blunt head trauma if they met the following inclusion criteria: aged 18-50 years, a GCS score of 13-15 and a normal neurological examination upon presentation, as well as a normal CT of the head performed within 24 h of injury. As a control group, healthy volunteers matched for age, gender and educational level were recruited from the included patients' peers and family, where possible, and additionally from hospital co-workers.
Head injury patients and controls were excluded if they had a history of neurological or psychiatric disease, had previous head injury, used prescription medication other than oral contraceptives or had contraindications for MR imaging.
The study protocol was approved by the institution's ethical review board and has therefore been performed in accordance with the ethical standards laid down in the 1964 Declaration of Helsinki, and written informed consent was obtained from all participants.
Participant characteristics
General demographic data were collected from all participants. Educational level was classified as follows: (1) primary education only; (2) lower-level secondary education; (3) middle-level secondary education; and (4) higher-level secondary or post-secondary education. All participants underwent general neurological examination and testing of crude cognitive function with the Mini Mental Status Examination (MMSE) [42] .
In the head injury patients, the number and severity of postconcussive complaints was assessed by means of the Rivermead Postconcussion Symptoms Questionnaire (RPSQ) [43] . The RPSQ is a five-point-scale of 16 symptoms that are common after head injury and has a high test-retest and interrater agreement for the assessment of both the presence and the severity of post-concussive symptoms [44, 45] . Patients rate severity of each symptom in comparison with pre-injury levels on a scale from 0 (no or not more symptoms than before the injury) to 4 (much more severe symptoms than before the injury), thus adjusting for the high base rate of (some of these) symptoms in the general population. Additional symptoms may be recorded and rated similarly. The higher the sum score, the more (severely) symptoms are present after the injury. Additionally, the number of days after which the patients had returned to work or school was recorded.
MRI acquisition protocol
Imaging was performed on a 3-T MR system (HD platform, GE Healthcare, Milwaukee, WI, USA). An eight-channel head coil was used for reception of the signal. For anatomical reference, a high-resolution 3D fast spoiled gradient-echo T1-weighted image with an inversion recovery preparation pulse was acquired, with the following pulse sequence parameters: repetition time (TR)/echo time (TE)/ inversion time (TI) 10.7/2.2/300 ms, flip angle 18°, acquisition matrix 416×256, field of view (FOV) 250×175 mm 2 , 192 slices with a slice thickness of 1.6 mm and 0.8-mm overlap and acquisition time of 4 min and 57 s.
As a highly sensitive sequence for the detection of white matter brain injury [46] , a fluid-attenuated inversion recovery (FLAIR) acquisition was obtained with the following pulse sequence parameters: TR/TE/TI 8,000/120/2,000 ms, acquisition matrix 256×128, FOV 210×210 mm 2 , 64 contiguous slices with a slice thickness of 2.5 mm and acquisition time of 3 min and 13 s.
For DTI, we used a 2D single-shot, spin-echo diffusionweighted EPI acquisition with TR/TE 14,200/68.9 ms, acquisition matrix 64 × 128, FOV 220 × 220 mm 2 , 70 contiguous slices with a slice thickness of 2.0 mm, array spatial sensitivity encoding technique (ASSET) acceleration factor 2 and acquisition time of 6 min and 38 s. One image with a b value of 0 s/mm 2 was acquired, and for diffusionweighted images, a b value of 1,000 s/mm 2 was used, acquired in 25 non-collinear directions.
High-resolution T2*-weighted images were acquired with a 3D low-bandwidth, HRGRE acquisition with the following pulse sequence parameters: TR/TE 43/29.5 ms, flip angle 14°, bandwidth 88 Hz/pixel, acquisition matrix 512×320, FOV 260×156 mm 2 , 128 contiguous slices with slice thickness of 1.0 mm, ASSET acceleration factor 2 and acquisition time of 9 min and 14 s.
Data analysis
Participant characteristics
We tested differences in participant characteristics between patients and controls for significance (p<0.05) with the Student's t test for continuous (age, MMSE), Pearson's chisquare test for categorical (gender) and Kruskal-Wallis for ordinal (educational level) variables using the Statistical Package for Social Sciences version 15.0 (SPSS Inc., Chicago, IL, USA).
Conventional structural imaging
The T1-weighted and FLAIR images were transferred to a workstation and reviewed by two radiologists (A.L. and M.S.) in consensus for abnormalities consistent with traumatic brain injury. Participants with traumatic brain injury abnormalities on either of these two sequences were excluded from the analysis.
DTI analysis
The DTI data were transferred to a workstation and spatially pre-processed using Tract Based Spatial Statistics (TBSS) [47] , part of the FMRIB Software Library (FSL, Analysis Group, FMRIB, Oxford, UK) [48] .
First, DTI data were corrected for head motion and eddy current artefacts. Mean diffusivity (MD) and fractional anisotropy (FA) maps were created by fitting a tensor model to the raw diffusion data using FDT and then brain-extracted using BET based on the b=0 image [49] . All participants' FA data were then aligned into 1×1×1 mm 3 Montreal Neurological Institute (MNI) common space using the nonlinear registration image registration toolkit [50, 51] . The mean FA image was created and thinned to create a mean FA skeleton representing the centres of all tracts common to the group, using an FA-threshold of 0.20. Each participant's aligned MD and FA maps were then projected onto this skeleton.
Voxel-wise statistical analysis of the skeletonised white matter voxels was performed with Statistical Parametric Mapping version 8 (SPM8, Wellcome Department University College London, London, UK) implemented in Matlab version 7.5.0 (The Mathworks, Sherborn, MA, USA). Using two-sample t tests, patients' and controls' MD and FA maps were tested for differences. Additionally, in a univariable linear regression analysis, we correlated the patients' individual MD and FA images with their RPSQ scores. Results were thresholded on a cluster level at p<0.05 (with false discovery rate correction for multiple comparisons) and size ≥5 voxels.
The thresholded statistical T-contrast maps were projected on the mean FA images. For display purposes, the thresholded contrast maps of single voxel thickness were thickened to fill the entire local tracts as seen on the mean FA image. Anatomical labelling was performed manually using the DTI atlases provided by Hermoye et al. [52] and Wakana et al. [53] . A distinction was made between the centrally located white matter tracts (fasciculi, corpus callosum) and the more peripherally located subcortical white matter, consisting of fibres originating from the major white matter tracts.
Microhaemorrhage assessment
The 3D HRGRE T2*-weighted images were transferred to a workstation. The number and location of microhaemorrhages were recorded by two experts in reading 3D HRGRE T2*-weighted images (M.V. and A.L.) [40, 41] who were unaware of the subjects' RPSQ scores.
Results
Study population
Between December 2005 and November 2006, 236 patients with recent minor head injury presented to our emergency department who were eligible for inclusion in the study. Of these, 51 could be contacted, 36 of whom were willing to participate. Of these, six did not fulfil the study's inclusion criteria and nine were excluded because of contraindications for MR imaging (n=2), previous history of neurological or psychiatric disease (n=4) and previous history of head injury (n=3). One patient did not complete the entire scanning session due to claustrophobia. The 20 remaining patients were imaged at an average of 30.6 days (range, 18-40 days) after the injury. In 19 patients, no traumatic abnormalities were observed on the T1-weighted and FLAIR images. One patient was found to have bilateral subdural haematomas and was excluded from the analysis. Additionally, 12 healthy volunteers were imaged.
Participant characteristics
The majority of participants were male (n=18, 58%) and the mean age was 26.4 years (range, 18-50 years). Neurological examination was normal in all participants. There was no difference between patients and controls regarding age (p=0.47), gender (p=0.49), educational level (p=0.42) or crude cognitive function as measured with the MMSE (p=0.91; Table 1 ). The mean patient RPSQ score was 15 (median, 5; range, 0-46). On average, patients were able to return to work 10 days after the injury, whilst two patients had not returned to work at the time of the study.
All but one patient had a history of loss of consciousness or (posttraumatic) amnesia after the injury. Most patients had a GCS score of 15 upon presentation (n=13, 68.4%); six patients presented with a GCS score of 14.
DTI analysis
When comparing patients with controls, no differences were found in MD. One area of decreased FA was found in patients compared with controls in the right temporal lobe subcortical fibres of the inferior fronto-occipital fasciculus (IFO; MNI coordinates, 51-61 1; cluster size, 13 voxels; T value, 5.65; Fig. 1) .
When correlating the patients' MD maps with their RPSQ scores, a significant increase of MD associated with the severity of post-concussive symptoms was seen in the left IFO and inferior longitudinal fasciculus (ILF), as well as in the superior longitudinal fasciculus (SLF; Table 2 and Fig. 2) . No decrease in MD was seen.
A significant reduction of FA in association with the severity of post-concussive symptoms was seen in the right uncinate and IFO, the posterior limb of the internal capsule bilaterally, the splenium of the corpus callosum on the right side, as well as in peripheral white matter consisting of fibres originating from the corpus callosum in the left parietal and right frontal lobes (Table 3 and Fig. 3 ). There was no significant increase of FA in relation to the severity of post-concussive symptoms.
Microhaemorrhage assessment
Microhaemorrhages were observed in one patient only (female, 18.5 years of age), localised in the right frontal lobe (Fig. 4 ). Although this patient had severe postconcussive symptoms (RPSQ score=21), the scarcity of these lesions does not allow any inferences on their association with post-concussive symptoms.
Discussion
In this study of minor head injury patients, we found a significant relationship between the severity of postconcussive symptoms of minor head injury and microstructural white matter changes in the absence of macrostructural traumatic abnormalities.
Post-concussive symptoms are common after minor head injury [2] [3] [4] [5] , but their organic origin has been debated due to the poor correlation between objective imaging abnormalities and the degree of symptoms. Consistently, both autopsy and in vivo longitudinal volumetric studies report evidence of much more widespread and generalised damage to the brain than visualised with single time point conventional imaging, which has led to the generally accepted idea that conventional neuroimaging studies with CT and MRI underestimate the true extent of brain damage after head injury [12] . The hypothesis that post-concussive symptoms are the result of microstructural brain injury is therefore well recognised.
The microstructural injury is thought to consist of traumatic axonal injury, ranging from the more severe diffuse axonal or true shearing injury to milder degrees of axonal damage. Rotational acceleration and/or deceleration forces occurring at the time of the injury are thought to induce maximal damage, with the corpus callosum, rostral brainstem and subcortical white matter as predilection sites. Empirical evidence of damage in these regions has been observed in postmortem brains even following very brief periods of recorded loss of consciousness [12] . Three stages of traumatic axonal injury are recognised. The first consists of a biochemical alteration in which the minimally stretched axons do not tear and changes may be transient. In the second stage, the cytoskeleton itself is damaged, accompanied by local swelling and enlargement of the injured axon. In the third stage, axotomy occurs, either primarily or secondarily, in which the axon is severed and antero-and retrograde degeneration follows, leading to a disproportionate reduction in white matter, evidenced by the wellrecognised global white matter atrophy in the later stages after head injury.
FLAIR and GRE T2*-weighted sequences are the two conventional MR imaging sequences that are most sensitive to the secondary white matter changes, which may occur in any traumatic axonal injury, and haemorrhage, occuring in the more severe diffuse axonal or true shearing injury, respectively [30, 46] . The histological changes in traumatic axonal injury, such as changes in axolemmal permeability and misalignments of the cytoskeletal network, however, are not detectable with conventional structural imaging techniques. DTI offers the unique possibility of detecting these histological effects in vivo by measuring alterations of mean diffusivity and diffusion anisotropy. Mouse models have demonstrated a good correlation between traumatic axonal injury lesions and reduction of white matter anisotropy measured with DTI [54] . The interpretation of results from such studies in humans is confounded by the substantial heterogeneity of the patient populations studied [56] , the cerebral peduncle [32] , the corticospinal tract [34] , the medial temporal lobe [32] , the IFO [56] and SLF [32, 34] , the anterior and posterior cingulate [33, 56] , and the anterior and posterior periventricular white matter [33] . We found areas of reduced anisotropy associated with the severity of post-concussive symptoms in the splenium of the corpus callosum, the internal capsule, and the uncinate fasciculus and IFO, as well as in the parietal and frontal subcortical white matter fibres. These foci of loss of white matter integrity closely resemble those previously reported in diffuse axonal injury. When directly comparing patients with controls, however, we did not find any consistent differences in MD or FA. Similar findings are reported by Miles et al. [67] and Messé et al. [59] who also found white matter changes correlated with cognitive dysfunction and severity of post-concussive symptoms after minor head injury, respectively, in the absence of differences in white matter integrity between patients and controls. These findings may be explained by the fact that patients display a wide range of symptoms and symptom severity, with several patients having no symptoms at all and others having very severe symptoms. Such heterogeneity may obscure subtle differences between patients and controls.
The fact that the areas of significantly reduced anisotropy we found are correlated with the severity of postconcussive symptoms provides direct evidence that traumatic axonal injury is a significant contributing factor to symptom severity. Given the fact that only one of our patients was found to have microhaemorrhages, possibly indicating true shearing injury in this sole patient, it is not likely that our findings reflect true shearing injury leading to primary axotomy, but rather reflect secondary axotomy and pathological white matter structure due to stretching, straining or deformation forces. We also found an increase of MD associated with the severity of post-concussive symptoms in the IFO, ILF and SLF. Previous reports of localised diffusivity alterations are inconsistent, presumably reflecting the heterogeneity of patient study groups and varying degrees of head injury studied. Both increases and decreases of diffusivity have been observed in patients with head injury [25, 31, 33, 58] . Also, the sensitivity of DWI for white matter injury after head injury has not been established. In the acute stage of minor head injury, Arfanakis et al. [31] reported an absence of significant alteration of diffusivity in relation to head injury, whereas others have reported changes in diffusivity to be a more sensitive measure than anisotropy changes for white matter injury detection [33, 59] . Furthermore, DWI of known diffuse axonal injury lesions demonstrated concomitant reductions in diffusivity in only 65% of shearing injuries [25] , suggesting a lack of sensitivity of this measure. Physiological mechanisms responsible for both decreases and increases in diffusivity have been proposed. Decreases have been attributed to trauma-induced changes in tissue metabolism as well as trauma-induced ischemia, in turn leading to cytotoxic oedema [58] . Trauma-induced axotomy with the formation of retraction balls and concomitant cytoskeletal collapse along severed axons may be another explanation for the reduction of diffusivity. Increases in diffusivity are thought to represent vasogenic oedema, possibly in relation with less severe injury, or to be due to increased molecular mobility as a result of neuronal or glial loss in the later stages of injury [30] .
There are some reports correlating white matter changes with clinical measures after head injury. Poor performance on learning and memory indices were previously reported to be correlated with increased diffusivity in the posterior cingulate, the hippocampal formation and the temporal, frontal and occipital cortex in a study by Salmond et al. [60] . In patients who had recovered from coma, Nakayama et al. [61] found that reduction of anisotropy in the splenium of the corpus callosum correlated with the MMSE. Kraus et al. [34] found a modest negative correlation between FA and executive function, attention and memory, whilst Wu et al. [62] reported a weak correlation between ADC values in the cingulum bundle and memory function in acute minor head injury.
Recently, several studies similar to our study were published correlating DTI findings with post-concussive symptoms in moderate and mild head injury patients [59, [63] [64] [65] [66] . In contrast to our study, however, patients with macrostructural findings were generally not excluded and imaging was performed at earlier stages post-injury. In the early stages after minor head injury, Chu et al. [64] , Bazarian et al. [63] , Mayer et al. [65] and Wilde et al. [66] found increases of FA and decreases of MD in relation to the severity of post-concussive symptoms in the corpus callosum, [63, 64, 66] , the posterior limb of the internal capsule [63] , as well as several other white matter regions [66] . The fact that FA was increased, as opposed to the expected decrease with loss of white matter integrity, is likely due to the timing of imaging very early post-injury (1-10 days), when cytotoxic oedema and localised inflammatory responses prevail and white matter degradation has not had time to develop. This is further supported by findings of decreased radial diffusivity in areas of increased FA [65] . In the subacute phase (15 days post-injury), Messé et al. [59] only found MD increases and no FA changes in relation to the severity of post-concussive symptoms, again possibly reflecting the pathophysiological time course of the several stages of white matter injury. Our findings of increased diffusivity as well as decreased anisotropic diffusion in areas shown to be affected by diffuse axonal injury support the hypothesis that post-concussive symptoms are a manifestation of traumatic axonal injury, even in the absence of macrostructural evidence of brain injury from conventional neuroimaging techniques.
The correlation of microstructural white matter injury with neuropsychological measures of cognition in mildly [62, 67] and more severely injured patients [34, 60, 61] provides further evidence that microstructural white matter injury results in cognitive deficits. Such neurocognitive deficits, if present following minor head injury, are generally subtle, most commonly affecting working memory and selective attention, which are essential for normal functioning in everyday life [68] . This is reflected in the time course of Fig. 4 Three-dimensional, high-resolution gradient recalled echo T2*-weighted images from one patient showing two microhaemorrhages (arrows) in the right frontal lobe post-concussive complaints which, after an initial spontaneous decrease over the course of several weeks after the injury, typically aggravate when patients resume their normal, and more demanding, activities, such as return to work or school [6] . In our previous study of minor head injury patients using functional MRI to assess the neural correlate of working memory, patients with more severe post-concussive symptoms showed increased brain activity in the normal working memory network, as well as the recruitment of brain regions outside this network [68] . The findings are indicative of altered or multiple strategies used for working memory processing in order to counterbalance functional deficits in working memory processing as a result of-microstructural-injury. In the present study, only limited testing of cognitive function was performed using the MMSE, with which subtle neurocognitive deficits are not likely to be detected. Testing cognition in the present study served solely to assess potential heterogeneity, and thus confounding across subgroups, and not to evaluate neuropsychological deficits after MHI, studies of which are already numerous [6] [7] [8] . We feel that using MMSE and educational level as crude measures of cognitive function were sufficient for the purpose of this study.
To control for the heterogeneity of this patient population, conservative selection criteria were employed, resulting in the study's modest statistical power. First, highresolution T1-weighted and sensitive FLAIR imaging were used to exclude patients with any identifiable white matter abnormalities, thereby restricting the number of patients eligible for inclusion. Furthermore, only patients with (near-)optimal GCS scores were recruited, further biasing the sample away from obvious clinical manifestations of head injury and towards subtle symptomatology characteristic of the post-concussion syndrome. This is in contrast with previous studies which either lacked exclusion criteria for traumatic abnormalities or used less sensitive imaging sequences such as the anatomical T1-weighted image to exclude patients with traumatic abnormalities. Although the statistical power of our study may not be as great as would be desired, we did control for false positive errors by limiting ourselves to an assessment of the white matter tracts only by using TBSS and by applying a correction for multiple comparisons on a cluster level.
Conclusion
We found that the severity of post-concussive symptoms after minor head injury was significantly correlated with a reduction of white matter integrity, as manifested by increases in diffusivity and reduced anisotropic diffusion. Our findings provide evidence of microstructural injury as a neuropathological substrate of the post-concussion syndrome.
